Abstract-This paper presents a compact, lightweight, highly efficient, 6.6 kW isolated three-port dc-dc converter for onboard charger (OBC) applications. The converter was designed and fabricated using normally-off gallium nitride (GaN) transistors; a three-dimensional (3-D) printed cold plate; high-voltage heavy copper printed circuit board (PCB) power planes; low-voltage (14 V) and high-current PCB power planes; and a planar transformer. The prototype has a power density of 10.5 kW/L and specific power of 9.6 kW/kg. Test results show greater efficiency than a silicon-based counterpart, even at 2.5 times higher switching frequency. The isolated GaN converter was integrated with a 100 kW segmented traction inverter that uses silicon carbide MOSFETs and 3-D printed components to test the functionality as a level-2 OBC. Testing and evaluation of the integral onboard charging functionality was successfully completed at power levels up to 6.6 kW.
I. INTRODUCTION
Most plug-in electric vehicles (EVs) and battery EVs on the market use a stand-alone onboard charger (OBC) to charge the high-voltage (HV) traction battery packs. However, a stand-alone OBC is not cost-effective because of its large number of components. Moreover, its performance in terms of weight, volume, and efficiency is limited by the operating frequency capabilities of existing silicon (Si) based semiconductor and magnetic materials, resulting in bulky and expensive passive components, including inductors, capacitors, and transformers. The problems and limitations of existing Si-based OBC technology can be addressed by using wide bandgap (WBG) devices, advanced magnetic materials, and novel integrated charger topologies and control strategies to significantly increase power density, specific power, and efficiency at lower cost. Emerging WBG devices-including those made with silicon carbide (SiC) and gallium nitride (GaN)-enable significant improvements in ac-dc and dc-dc converters, major components of OBCs. Their ability to operate with reduced conduction and switching losses over higher frequencies and temperatures minimizes requirements for the passive components and reduces cooling demands [1] [2] [3] [4] [5] .
Integrated bidirectional OBCs are being pursued to further reduce the cost, weight and volume of OBCs [6] [7] [8] . Fig. 1shows an integrated OBC that (a) uses the traction drive inverters and motors as part of the charger converter, (b) provides galvanic isolation, (c) provides an integrated function for dc-dc conversion of HV to 14 V, and (d) uses soft switching at the dc-dc stage to reduce electromagnetic interference and improve efficiency. The integrated OBC is capable of bidirectional power flow, a desirable function for smart grid applications. In addition, the integrated OBC is flexible and can be applied to most traction drive systems, including single/dual inverter and motor, segmented inverter traction drive [9] , and systems with a boost converter. Further, the isolation converter can be applied to stand-alone OBCs.
A key component in the integrated topology is the isolation converter that is used to charge not only the HV traction battery but also the 14 V battery for vehicle accessory loads. WBG devices, especially GaN switches, with high switching frequency and low losses are well suited for the isolation converter to drastically reduce the cost, weight, and volume of the filters and isolation transformer. This paper presents a compact, lightweight, highly efficient, 6.6 kW isolated threeport dc-dc converter for OBC applications. The converter was designed and fabricated using normally-off GaN transistors; a three-dimensional (3-D) printed cold plate; HV heavy copper printed circuit board (PCB) power planes; low-voltage (14 V) and high-current PCB power planes; and a planar transformer.
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The prototype has a power density of 10.5 kW/L and specific power of 9.6 kW/kg. Test results show greater efficiency than a Si-based counterpart, even at 2.5 times higher switching frequency. The isolated GaN converter was also integrated with a 100 kW segmented traction inverter that uses SiC MOSFETs and 3-D printed components to test the functionality as a level-2 OBC. Testing and evaluation of the integral onboard charging functionality was successfully completed at power levels up to 6.6 kW.
II. GAN CONVERTER DESIGN
A. Device Characterization
As shown in Fig. 1 , the three-port isolation converter uses dual active H-bridge converter and shares the converter (HB1) and transformer with the 14 V battery dc-dc converter. Because of the HV rating of 650 V and normally off nature, the GaN switches made by GaN Systems were chosen, tested and characterized. The following tests were performed and design data were collected for use in designing a 6.6 kW GaN isolation converter: (1) static characterization tests, (2) pulse tests, and (3) H-bridge converter tests. A static characterization test setup was designed to facilitate the tests. Fig. 2 shows the static characterization test setup. Header pins were used to make connections to the small pads for gate, source, and drain on the switch, and a steel cylinder and springs were used to adjust contact pressures to ensure good electrical conductions. Fig. 3 shows static characterization test results. Test results indicated a relatively low threshold voltage (~1.4 V), which must be considered in designing gate drive circuits for these switches. Results on spread of on-resistance were used to select and match the switches for use in the isolation converter design. Double-pulse and H-bridge converter tests were then conducted at a dc bus voltage of 400 V and a maximum current of 32 A. Fig. 4 shows test results. Fast switching times of less than 10 ns and low switching losses were observed, indicating these devices are well suited for high frequency and efficiency dc-dc converter and OBC applications. 
B. Converter design
Incorporating the test results, a final design for the 6.6 kW GaN isolation converter was completed. The following optimization steps were taken in producing the final design: (1) losses in the ferrite cores and copper winding were analyzed to determine transformer core size and number of turns for minimizing the total transformer losses and (2) PCB trace layout simulations were performed for the primary and secondary transformer to minimize the parasitic inductance for the H-bridge converters. Fig. 6 shows 3-D drawings for the final design for the 6.6 kW GaN-based three-port isolation converter. The converter has dimensions of 16.76 cm × 8.13 cm × 4.57 cm An aluminum pin fin cold plate measuring 8.1 cm × 10.6 cm in. × 0.95 cm. was designed and built for use in the 6.6 kW GaN isolation converter (shown in Fig. 7 ). 3-D printing was used to facilitate the fabrication of this thin (4 mm thick) pin fin cold plate with fine geometries. Finite element thermal analysis results indicate satisfactory cooling performance. The highest device temperature is 122 ºC at a water flow rate of 24 cm 3 /m.
A reflow oven at the in-house packaging laboratory was used to solder the GaN devices to the transformer winding and power plane boards. Measures were taken to ensure the GaN devices were flush at their top sides after soldering so they all will make good contact with the cold plate. The gate drive circuit and PCB layout were designed with emphasis on minimizing gate loop inductance to avoid ringing on the gate source voltage at switching. Working with a magnetic vendor, customized ferrite cores for the planar transformer were designed and fabricated. Fig. 8 shows photos of the 6.6 kW GaN isolation converter prototype and a digital signal processor control board, which was designed using the Texas Instruments dual-core chip, TMS320F28377D to implement high-speed, high-resolution phase-shift and duty control loops. Fig. 7 . 3-D printed aluminum pin fin cold plate. Fig. 8 . Photos of the 6.6 kW GaN isolation converter prototype (top) and Digital signal processor board using the Texas Instruments dual-core chip (bottom).
III. EXPERIMENTAL RESULTS
The 6.6 kW GaN isolation converter was tested with a resistive load bank at different switching frequencies. Figs. 9, 10 and 11 show a photo of the test setup, typical operating waveforms at switching frequencies of 100 kHz and 200 kHz, and measured converter efficiency, respectively. Measured peak efficiencies are 99.0% at 100 kHz and 97.5% at 200 kHz. Table I gives a comparison of the GaN-based isolation converter and a 5 kW Si-based counterpart. The GaN-based converter achieved a 50% reduction in volume, 75% reduction in weight, and peak efficiency of 99% vs. 98.4% for the Sibased counterpart at 2.5 times the switching frequency. The GaN converter prototype has a power density of 10.5 kW/L and specific power of 9.6 kW/kg vs. 3.7 kW/L and 1.5 kW/kg for the Si-based converter. The 6.6 kW GaN charger converter was then integrated with a 100 kW segmented inverter to test its functionality as an integrated OBC. The segmented inverter was built using six 1,200 V, 120 A dual-pack SiC MOSFET modules and dc bus film capacitors with a total capacitance of 880 F, and a 36 cm by 12.7 cm cold plate. 3-D-printed parts were used to make the inverter easily reconfigurable as a dual three-phase inverter or a segmented three-phase inverter. In addition, an induction motor with ratings of 14.92 kW, 230 Vrms, and 45.4 Arms were used as a traction motor in the tests. The motor has two sets of stator windings with all leads accessible and thus is well suited for the segmented inverter. Fig. 12 shows a photo of the test setup.
Figs. 13 and 14 show typical operating waveforms at charging power level of 3.6 kW and 6.6 kW, and measured OBC system efficiency at a grid voltage of 240 V, respectively. Measured OBC system peak efficiency is 96.6%, a 2.2 % point improvement over the Si-based counterpart. Fig. 13 . Test results-typical operating waveforms for the integrated onboard charger system at charging power levels of (a) 3.6 kW and (b) 6.6 kW. From top: grid voltage (500 V/div, CH1) , grid current (100 A/div, CH6), converter input voltages (CH2, 500 V/div), dc bus voltage (500 V/div, CH4), charging current (50 A/div, CH5) and motor phase a1 and a2 currents (CH7, CH8, 100 A/div). Time: 5 ms/div. IV. CONCLUSION The 6.6 kW GaN isolated charger converter that was designed and built using GaN transistors; a 3-D printed cold plate; HV heavy copper PCB power planes; low-voltage (14 V), high-current PCB power planes; and a planar transformer shows signification increases in power density and specific power over a Si-based counterpart. The GaN converter has a high power density of 10.5 kW/L and specific power of 9.6 kW/kg vs. 3.7 kW/L and 1.5 kW/kg for the Si-based converter. Test results also show higher efficiency for the GaN converter than for Si-based analogues-even at a 2.5 times higher switching frequency. A 6.6 kW integrated WBG OBC prototype using the GaNbased charger converter and a SiC segmented traction drive was assembled and successfully tested. Test results showed it to have a peak efficiency of 96.6%. The test results also show an improvement of more than 2 percentage points over the Sibased counterpart.
